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' '"_ OBJECTIVE

_,
2

:_4.. rhe objective of _,his program is to develo F .a high energy density

battery capab)e of operation for threeCayS at 800 F,(42LC),_in an environment

_! approximately the same as exists on the planet Venus. "£_e battery should also
a_ be capable Of activation within less than ten minute@. _after exposur,_ to 800°F

temperature. The battery will be able to supply po_er, to an _nstru,_ent_padkgge
in the-Venus environment.

%

_ thin synthetic zeolite membrane will be _jsed to sepa,atle the _anode

and cathode section of the battery. The zeolite, .a_ngas-a so'lid electrdlyte

:_. permeable only to cations, will eliminate_m_Ity Of the_problems aasdciated with

_J the solubil_.ty and reactivity of materials in high _emperature ba_I!ery syst@ms. _

The zeolite membrane will permit the use'of high e_nergy density co_ponents to

",', produce a light weigh_ battery. ,_ _4 ....

¢

!

N

!
i -iii.-

mU.--__ _ _

- m -- _ m m w

1965006281-003



SUMMARY

The Te'._istivities of vai:ious types Of synthetic zeolites having ..
different cationshave been meas,red as a function of temperature, Of the

materials NaX h_s the lowest resistance. The e.ffle_¢_t£f va_rious_lbonding

__te£hniques ,upor,the crsstaJ structure a_nd._res_istivities oi__s.odiumze-o_ltes

s_D_-ir_s_5_--9-e'bistance_ when;compared to the pure zeolites. ,' -" '

The e'ectrochemical characteris _ - _tics_of CuCI 2, CuC!_, B_C!3 , FeCI3, .
and AgCI are presented. The' effect of diluents added as solids or coulom-
eLrically by cationic transfer through a ceramic membrane upon the perform-

ance of certain cathode materi_Is was investigated. ." '-_

Sodi_im was proposed as the anodematerial after eliminati-0N of

calcium because of contact problems and lithium because of severe corrosion

p_oblems.

" A p_oposed cell design is presented utilizing various s=aiing and

[ containing technlques. Compatibility tests with materials of the proposed
! cell were initiated and used to further def'ine the proposed cell.

/

/
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/_:¢_I._ i-f ",iI',qIE'.';

In the ,.ropos ed battery solid zool_te membranes wiil be used to _'
separate the raa_eri_t._ ot th_ anode and ca:h, te and. to prevent their direct

I _h_n_l reactior. During the secohd efforts in the _ea of ---'_'--
q_arter

-- _tudi_ _cre directed _owa_d_; the preparat_.on of v_rious zeoiite types wlt_.

different _atirms an¢_ the determination of thelr rhertaa! stabi.l_.tyand elec-.

:, trutvtic r,._:'_tL_n_e. In additio_ various zcolites were prepared for us_ in
.+ a po._sib|e _:olid state ba_ter_¢ as proposed in the gizst Quarterly Report(i).

During tht_ period e_orts were also _nitiated in bet_.e_ methods of fabricat-
ing, thin ,,e,-,[it_ m,em.branes_,.

_, i PRLPARAT[ON OF (',RYSTALL!:-_E ZEOLITES

_u.. Type A an4, "'ype X zeoltte powders are. coame_cially available in
t._th the ._+ and Ca+_ 1_,rvas. These co_r_aerctally availabi,_ A and X zeollte¢
_r¢ u_cd as the _tartir_g material fc,r the studh_s with A and X z¢ol_te.s.

Tyee Y zeolite is rmt rcadgly available and was therefor_ synth_:ed by:
_ry__ta|t.iaation fr,,m al_,-_s _lcatc ge,_. This preparatl._n is given in detal!
it_ th,a ncgt ,_¢¢tic,la. °

1. _, i PRLPAKA_IOh OF I_'P[; ¥ SO_hL_ ZEOLITE

•Oi_,_lw 5._ graa_s.¢f_aAl02 fNatheson, Cc]_,. and Sell, T:chnicel_ ._
] £I_9g,1) and 12.0 grams of _'_a0|t {gekez Jm_.ly_:ed R_get_., 3726) in 89.5 ,'el. 3f
: dtctt lied _ater. All_. this solution "-o cool s_aae_d's_,; (actual t_erats, re did. :.,

_. _ol appear _,_ oc critical). Weig_ out 125 grms o[ colloidal StO2-(l_ch_aon .
_>,_. Cot_an, and l_cll. Practical. 308 ago 2 by _ighr_ P769A) and m£x witl_-l_&lO 2-
_ ,RaOl__oluti_n tn a Waring type blender _il hmaogen,eotm.

i
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A

Place the resultant paste :;na 500 ml Erlenmeyer flask. Equip the

f!ask with a reflux condense_* and heat on a water bath fo_ approximately 24

hours. During this period, the homogeneous gel recrystallizes into an-easily

separable solid phase. T_he solid -phase ks removed by vacuum'filtra_ion and

washed with distilled water until the pH of thp filtrate drops to about 10.5. _

Four 5_0ml portions of distil]ed water'-ale _sually sufficient. Occasionally

this method of preparation produced a batch in which the washings remain at _

pH 12. This n_iterial was always found to be amorphous to X-rays.

f

• After filterin_and washing, the sulid is air _ried ov_ernight or
for sevei_al hours at 100_C. The'zeolite can'be_$ctivated (water ren_oved from

the pores) -by v&cuum drying at approximately 350°C. This preparation yields

about/8 grams of_ t_e ai_ dried but unactiva_ed zeolite. _
-9

"- " _ X-ray diffraction patt'erns indicated that the sodium foria of type. Y _ _

z_olite coul d.be prlepared. _ S_veral at{e_npts to di_ectly isynthesize the_ lithfdm

_ and po_ta_=siumforms of _ype Yoyigld a material which was amorphous to X-rays.
-_o Th@ l_thlum i_orm 0_:Typd Y wag t_erefore .>repared by exchanging NaY With an

'_'aqdeous s_l_ti0n of LiCI. _ Similarlj% _ther cat_on f_rms °of Type A and X _-

_ze:olitesowere pr_epared by _qn exchang_ _f the sodium forms with the appropriate

. •: 1 1.2. [ON EXCHANGE :

_. _Several procedures were used6to aeh_eve':ion exchange with the varidus
' c'ations and z#qiite ty_es = _ . _ ,.

_ A su_pension, o_[0.1_equivalent o_zeo!ite (based on replaceable "

cations) in _he _odi_m form in i00 ml of 'a ,_olution containing 0.I equivalent . i-

•,_ of the exchanging ca_io_ was _.aintaih_d at room temperat.u,re f6r approximately _ _ ..,

_ 0.5 ho'urs by magn_e-ticstirring. The solid _was'then removed by-vacuum_filtra- _

tion. The S_u_spensiouand fil-tration of zeolit_ was repeate_ until i*--had been T
_exp_0s_1 to a to.tal of at least_ 0.3 equivalents _f axchanging cations. After '

., _!:a-filialfiltration, _the_zeolite was washed Wit_ a small _ortLon 0_ distilled ,, ,_

" water before dryi6g at 'I00_c. in air and_activating °in v_c{_um at 356_C. _:

_ 'It was',soen noted that the Teflon covered st_irringobar was being_ ,:_

'abraded ,by this process and that .he zeolite was 5eir_ contaminated b'y material _

_,_ from th_magnet$c stirring bar'. _The procedure was modi_fied by using a stream

,;_ of ,air bubb_lin_ thro_;gh_the_susp&nsibn iq_tead',of tb,_maghetic stirring,

-- ' _. To, achieve a great_ degree.of'exchange a percolating pro'cedure was _ _-
•devisedl _'_The_zeolite to,be._exchanged was °placed i_ a glass ,tube similar 'to a

_.i' ¢liromocographic column. J_cuum was applied a6 _th_ base of the _ube and a

,_ se]_ifion of the exchanging cation was ;allowed '{opercolate through _ the zeoiite

!, -.The¢olumn,_as_maintalned ,at approximately 80°C As/in oth¢_preceding process, _
_he _ze_li%e was,treated with a three fold exc_ess of e_xi_anging ca_ion. _<

":' ' " '3 - -

_ ' _ _ mm m _ mmmm mmmmmm_,mmmmlm _ _ , ' _ _ -_ •
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Generally, one normal aqueous solutions of the excb.ai_ging cations

•_ as nitrates or chlorides were used. Small amounts of acids were used t3 pre-

vent hydrolysis of some of the salts. Type A and Type X zeoiites are quite

_i sensitive to acids and therefore the pH of the exchanging solutions was kept
as h_igh as possible. Type Z zeolite appeared to be decomposed by aqueousb_

cupric solutions. Type A zeolite was exchanged using a one normal solution of

•. Cu(N03)2-'3H20 in 95%. ethanol. A filterable blue solid was obtained. In drying
and activating this material the temperature was kwpt below 15O°C. At appro._:i-
mately 200°C. the blue _olid was converted to a brown or black material which

,.,,assho_n in the _irst Quarceriy R_p,J_L(_) to _e Cu0. X-ray diffrac_ien sho_.7_8

some loss of zeolite structure even in the Gu zeolites dried at _ L50°C.

., 1.2 X-RAY DIFFRACTION STUDIES

•_ Samples of NaA, LiA, KA, AgA, CaA2, NaX, LiX, AgX_ CaX2, NaY and LiY

were prepared arid submitted for X-ray diffraction studies. X-ray diffractlon

._ pa.tterns were used in this study to determine if the various m_thods of prepara-

_ tion•of Type, Y zeb:lites were suc_cess.fulan& to determine ifi tliezeolite crystal o
: structure was_p_eservedwith cation _xchange and _ctivation. In addition the

effect of th'e-cation_upon the spacing off the crystal planes was determined.

_ _Powder diffraction patterns" were taken on a Norelco Phillip Spectro-
: meter using filtered CuK_radiation. The results for the three types of zeolite

_ containing various cations are given in Tables I, II, and III. The Miller

indices (h, k, 'i) were assign@d from the relation

k2re=h-+ +I ?

where m was determined by the slide rule method from the d-spacings (2). Using

_this method_it'was found that the Type A zeolit s had a simple cubic structure

!_: _7wi'tha_ unit" cell length of approximately 12.3 A; Type X zeolite had a face

'_ centered cubic structure with a uni_ cell length of 25.0 A; and T_pe Y, face

centered -cubic-with 24.7 A. Values of. d-spacings as reported in the literature

!_ are glven _for comparison. The spacings for _the Type,A material are taken from

J _ reference (3), for the Type X from reference (4), and for the type Y from

reference (5). All materials,- with the exception of CuA2, were vacuum activated
'._ _t 350°C. before determining the diffraction patterns. CuA o was temperature

J sensitive and thenefore was activated at 150°C. The peaks for che CuX_ zeolite

were present on the top of a high-background level indicating some structure
degradation, of the ze_ol_t¢ had occurred.

The d,i_tfraetion patterns show that the synthetic crystalline zeolites can..
" "_ be prepared in yarious ea_ion fo_s, with the exception of Cu+2, by ion exchange

_/I_ Without altering the cr_stal structure to any great extent.

-3-
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i

]'ABLE II!

X-RAY DIFFRACTION DATA -d 3PACINCS FOR TYPE Y ZEOLITES

d, A
L_YNaY " "

m hkl Lit. Obs. Obs.

3 IIi 14.3 14,4 14.36

8 220 _•7 _-.80 8.75 8.84

Ii 311 1.45-.50 7.46 7.53

1_ 222 - -

16 400 - -

19 331 5.67-, 71 5.68 5.68

27 333, 511 4.75-.79 4.74 4.76

32 440 4. 37- 46 4.36 4.37

35 531 - - "

36 600 ....

40 620 3 90- 93 1,.90 3.90

43 533 3.77-. 79 3.76 3.76

44 622 - - -

48 444 3.57-. 59 3.56 3,56

51 551, 711 3.46-.48 3,45 3.45

56 642 3.30-. 33 3.30 3.30

_9 553, 731 3.22-. 24 3.21 3,21

67 733 3.02-.04 3.C2 3.01

68 ....

72 660, 822 2.90-.93 2.91 2.91

75 555, 75! 2.85-,87 2.85 2.85

76 - " "

80 840 2.76-. 78 2.74 2.76

83 753, 911 2.71-.73 2.71 2.'/0

88 664 2.6%-.65 2.63 2.63
f

91 93i 2.59-.61 2.59 2..58

96 844 2.52-,54 2 53 "

-7-
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]. ] DETER}._!NAT]OX OF IO];]C (;ONDUCTLV]'15'

The ionic <:ond,_ct_vity of selected zeoiit_s can bc determined from

a measurement of the resistance as a function of temperature. Zeolite pellets

with integral _,,oldioil electrodes were p_-epared by vacuum hot p_essing. The

pellets formed by this technique are 0.5 inch_s in diameter with a [hickness

in the range of 9.040-0.0%0 inches. Prior to conductivity measu:ements, the

zeo]It+ _ellets are a_tivated and adsorbed water removed by hea_inz to 400°C

for I(_hours at few [_r_=ssurt_s. '!:heresistance of the p_llet was measurLd with

: an Electro-Measurements Inc. impedance Bridge, _-L,J_"-_^]-_._<n_r_^........,.c{_g _ _wIett -

Packard AC voltmete,-, i_odel 400 D as the detector. Other details of sample

p_eparation and i_easurement are gicen in the First Quarterly Report (I).

].3.1 RESISTANCE }[F:kSURE_iENTS

The resistance as a function of temperature has been determined for

NaX, AgX, Li_, NaY, LiY, and NaA zeolites. In addition a sLudy of the effect

of various binders and binding treatments on the resistances was initia_ed.

The effect of the cation on the resistance of Type X zeolites is

shown in Table IV and Figure i. At the time the measurements were made, AgX

was of in_erest as a cathode depolarzer in a solld state battery. The higher

resistance and greater coulombic attraction of the smaller Li+ is readily
apparent.

'fables V and V! and F_gures 2 and 3 show the effect of zeolite type

upon resistivities. The Y zeolites were synthesized in our laboratories by

the procedure given in Sectio_ i.i.I The activation energy for conduction for

NaY was found to be 15.0 kilocatories per mole. Calculations using the activa-

tion energ9 yield the following composition of the unit cell after dehydration

Na63 [ (A]02)63 (Si02) 12i]

The activation energy for LiY was 20 kiloc_Iories per mole which is

higher than the 15 kcal/mole foun_ for NaY. This higher energy requirement is
another manifestation of the stronger attachment of lithium ions in the zeolite
lattice.

Both phosphoric acid and sodium silicate are being considered as

sintering aids for the fabrication of thin zeolite memb_,nes (see Section 1.4).

The effect of these sintering aids upon the resistivity of NaA zeolite was

investigated. For these investigations dry powders of el=her the pure NaA

zeolite or N_.A zeollte containing ti_e desired sintering aid were fabricated

into thin m_mbr_nes having J,,tegral gold foil electrodes by the vacuu_ hot

pressing technique as reported before. The results for the N_ and NaA con-

taining phospho¢ic acid and sodium _ilicate are shown in Table VII and Figure 4.

-8-
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'['M_LE ]V

u:,T[O,,S OX I'PL_ RESISTIVITY OF ]-_'PE X ZEOLI-fEShF FECI O_.... v,

i

NaX LiX AgX

Temperature Resistivity Temperature Resist ivit:y Temperature Resistivity
°C ohm-cm °C ohm-cm OC ohm-cm

155 9 55 ,-;104

a 104 103210 1 61 x I0 225 2.8 :, 225 1.9 x

265 3 44 x ]03 315 5.3 x !03 315 1.2 x 103

q )
300 I 89 x i0-" 385 1.4 :_ 103 385 7.7 x i0-

335 1 1]_ x 103 /456' 6.2 :-: 102 460 5.7 x 102

P
/ 0 4 04 " 10- 485 4.8 :: 102

o
470 '2 66 x 10-

)

510 2 33 x 10 _

)

5.35 1.77 .x 1(,'_

]
i -9-

im m| r
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- |lAgx
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_,. d&LI X

b

%

! x 10 2 .....
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103/T (°l) R10260

FIGURE 1. EFFI_CT OF CATION ON _;SISTIVITY OF TYPE X ZROLIT£
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TABI,E V

EFFECT OF ZEOLIT< TYPE ON RESISf[VITIES OF SOD[[_ ZEOLITES

NaA
Te_n e r

" rocatUre Resis_ %'_ NaY

,,. _, oC _-'-'--...--...--,___._,'aX•empe rat ur_

_emPeCt u_

25 3. 1o7 2OO
i,3 x 106

,_ 135 2 6 x !06 155
270 9.55 x 104

165 1.6 x 106 315 1.4 x 105 210 1.61 x 104p

185 4.5 x iO"
3.8 :: 105 265

39< 3.44 x 103

215 2.9_ x 105 9.1 x 103 300
4z 5 1.89 x 103

4.Z x 103
245 1.7 x 105 335

1 'Ix 103
480 2.7 x 103 "

280 6.4 x 10¢ 410 4.04 x 102.

315 3.1 × 104 470 2.66 x 102

•:___ 360 1,7 z :04 510 2..33 x 102

390 1.0 x 104 535 1.77 X, i02

"{ 440 :_.1 x 103

, 47% 3.4 × i03

"II-
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F'A_3I.v Vi

EFFECT OF ZEOLITE tYPE ON RF:SfSTIVIfIES OF LII'_I_ ;(t.()J.rfLs

_emp_ rat tire " ,_ ....

o _es xs t _vi ty _ _......._.._._..__._
----.----C __._ _.o_ _emperat ure Resist _vtty- oC

225 2._ x 104

205 6.& x 107
3_ 5.5 x 103

276 4.5 x 10_
385 1.4 x 10"

330 7,0 x JO 4 1,
450 6.2 x 102

399 I.5 x 104
465 4.8 x I0'_

_ 450 5.6 :c 103

49.5 3.3 x 103

-12-
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YABLE VII

";) _ EFFECT OF H3P04 AND Na2Si20< ON RESISTIVITY OF NaA ZEOLITEL _ - ,- ['_

7

'[._ _ Na__ (P.re) NaA(H3P04), Z'-'5 - ' " " " " ) Z-3
_ NaA(Na2S_205 ,

_ _Te_8_Perature _RuLis ti_vit--_ Temper%ture - Resis tivi_y - Temperature Resis cigit
-_. _ _-0C

, > ohm -cm oC -o
o-------.___ ? _ ohm-cm oC ohm-cm

_ lO o_ 135 2 6 x - 7 _ _.:

. : - " -- _ 9,0 3 8 x 10 _

° !65 - : l-.@x_lG 6 : "' 210_ .' 9./, x 10 '_- 210 3.0 X i

_ _ ": ' :" ].9 x 106._ 260: 3 7x,lO 5

°_ , 21°5 2:% X 105 "3_30"_, 7.6 x' 105
:_ - - ':" _ : " 315 8 5 x i04'.

•"-" .. 245 "i.7 X i0_ "350
$_ _ , 4.6 X 105 725 _' -7.8 x 1-04
._ 280 ° _ 6.4 x 104 " "

'_ _ _ 380 2,8 x i0 _" 380' "_'I x 104
3Is 3.1 x 104 " '

!! ,
" "360 i.7 :: .I0_ 445

_"-- '. - 9.4 X 104 450 " i.'0X i0

" : 390_ _'i0 X 104 _ _'-:. o .- " 475 5,3 x 1"04 460:.... 7.8 x 103

4_'0 -,: 6".! x 10 3 _ -485 4,3 x 104 505 4.9 x103
4175 3.4 x 103 s _

" " ,_ o 5ao .3.7 ,_ i03

- /./.

:|
-- ' t -_

f/

--z_,Z""
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The silicate sample (Z-3) _ontained 2@ _ight percent of Na20"2Si02 and the

phosphoric acid sample (Z-5) contained 18% phosphoric acid and 2% ol an aqueous

solution of polyvinyl alcohol. As the experiment_l resul_s indicate_ the

I addition of either phosphoric acid or _odiumf_ilicate caused an increase inthe resistance of vacuum hot pressed NaA membranes. This effect of silicate is

much smalle_ than that of phosphoric acid. A much greater increase in resistiv-

ity is noted with the H3PO 4 treated material. It appear_ that the H3P04 int_r-acts with the zeolite alumino-silicate lattice in such a way as to reduce either

the number of charge carriers or their mobility. This effect has also been noted

i with other acids.
Zeolite membranes prepared by sintering at higher temperatures using

H3P04 or sodium, _ilicate as a binder had a smooth, hard surface. No suitable

I method of attaching gold leaf electrodes for conductivity measurements could befound for these membranes. Therefore, two other methods of attaching metallic

electrodes were tried. In the first methods, a silver electrode was formed on

_ the surf_c_ of _he fi_ed zeolite membrane by covering with a silver conducting

pas_e. Samples prepared in this man_er had a resistaiLce of about I0 & ohms at

.65°C and showed practically no variation of resistance with temperat4_e, thereby

indicating that adequate contact was not achieved between the zeolite membrane

_ and the silver electrode.
O

Considerably better results were obtained with_gold electrodes placed

on the surface of the membrane by vacumn evaporation, _ Table VIII gives the

_ resistivity of a hot pressed NaA membrane with vacuum evaporated gold electrodes.

Figure 5 compares the resisnivity of hot pressed NaA membranes with gold leaf

,-_ and with evaporated gold electrodes. The results indicate PracLically no

_• difference in _he two techniques. Thus vacuum evaporstion of gold appears to be

"_ a suitable method of attaching electrodes to formed zeolite w_fers.

The effect of heat treatment at 740°C and phosphoric acid upon _he

_- resistance of Nax is shown in Table IX and Figure 6. These results are based
D--'--

on only p_eliminary investigations in bonding NaX zeolites, It is expected

_! that further experimentation will produce bonded zeolite membranes with lower

_.! resistances. The hot pressed membranes,were made in the usual manner. The

phosphate bonded zeolite (Z-14, 2] weight % H3P04) had been heated to 740°C.

_ Evaporated gold foil electrodes were used. From the results it appears that
the NaX can be heated to approximately 700oc with no change in resistance

_ unless phosphoric acid is present. At the time this report was written, no

samples of NaX bonded with silicate were available. :

•, A thin (0.0485 in.) zeolite membrane was obtained from Astropower
Laboratory of Douglas Aircraft Co., Inc. for possible use in this application.

! This membrane was made from Zeolon H, H3PO 4 _nd Zr02 and had their designation_ Lot No. 851-21. The resistance of this membrane was measured as a function of __ --
temperature while under vacuum. The results are given in Table X. The

relatively constant values of resistivity in the temperature range 160° ton

_ 450°C could indicate destruction of the zeolite lattice
_tructure at highe_

_ -17-
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TABLE, VII.t

_, RESISTIVITY OF HOT PFd_SSED NaA ZEOL_T_ WITH EVAPORATED GOLD ELECTRODEst Gold Foil- ,
remp e ra t ur e

o C Resistivity Evaporated Gold

_. iemperaLu_

135 _ _

2.6 x 10 6 --'-"

165 25

1.6 x 106 1.5 x 107i

185 31;8.,.x 105 55 7.4 x 10 6
2t5 </ :2 175

2,9 x'I05 5.9 x 105
"_ ,245 ,: 2 35

1,7 x 205 " : 8.2 x 104_

280 290 ' ,,
• 6.4 z 104 3.9 x 104,

315 335
•3.1 x 104 2.3 x 104 "

; 360 395

1,7 x 10 4 1.5 x 10 4
390 450

1,0 x 10 4 5,4 x 10 3
340 505

6.1 x 10 2 2.8 x 10 3
475

3,4 x 10 3

+



oC

143 182 227 283 352 441 561

I x I07_ .....

rm

r

"; X ' ,.,6LU

r " 1

I

o

"_ 105 •
_ IX ..........

t ! > .• M

e,' _ I%

b_

_ m

,'_ iO 4

*_ O NaA - CdLD FOIL El,ECTRODES

_l NaA E_ _PORATED _)LD ELECTRODES

t =

I X 103 l=l.ll=--, t...... J

.4 2.2 2.0 1.8 1.6 I 4 1.2

_ 0 3 /T [ (OZ)

RI0256

FIG'JRE 5, COMPARISON OF GOLD FOIL AND EVAPORATED GOLD ELECT_DES*.
- NaA ZEOLITE-HOT PRESSED
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oC

143 182 227 283 352 441 561 727

] x 106 I ..... "_

\ ,I, 1
i x 105 _ _' ......i, \

- -
1 x 104 -- _ ....... I

[.,,
-" M

I--4

L)

m 103

• • N.X-. PURE

i.+,+-++++++°°+& t_ax . _ _._ (z-t4) _ "
m+.,,TED1'8 74Pc

f -
, !

t x 102 _ ............I..... ,.............
+ 2.4 2,2 2.0 1.8 1.6 I, 1,2

tO3/T (°x) mto26t

F t(_']_ 6. EFFECT OF HPAT 'PRF.A'I'HE_'I' _ II3PO4 ON THE

RESISTIVITY OF NaX ZEOLITE
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1AP,LE IX

.......................... ,,r_ rxx, 'rz._: DFqlc:'rTx_rq'v NF kl.n.'x_ IF.C)T.TTF:,c;

EFFI'X;I ()i" ItLA[ iK_t_.tt'ir,_t ._i_tJ t13t '_/4 ...........................

_'" GaX -Put e

Hot Pressed NaX-H3PO4(Z- 14)

NaX-Pure Heat Treated Heat Treated
_ Ca 740°C,_: Hot Pressed ca 700°C

Tela_erature Resistivity Temperature Resistivity Temperature Resistivity ,
,_ "C ohm-cm °C ohm-cm °C obm-cm

_ 155 9.6 x 104 120 4.4 x I05 195 1.2 x 107

_'_ 190 8.4 x 104 260 1.6 x 105'_'_ 210 1.6 x 104
ti r

265 3.4 x 103 250 2.1 x 104 382 1.4 y i0_

i_ _ 03
': 03 0J_ 1300 1 9 x ] 325 4.7 x 1 445 7.6 x l

$" 3.)"3 _- 1.1 x 103 385 1.9 "/, '.03 505 4.2' x 103

410 4.0 :_ 102 440 I.O x 103

2

. 470 '.7 :: 102 515 5.2 ;_. 10

F

510 2.3 x 102

535 1,8 ": 102

-21-

1965006281-029



_ TABL£ X

RESISTIVITY OF ASTROPOWEIR ZEOLON

_MBRANE LOT NO. 851-21

Tempe ra_ure
oC

Res is _iVity

2s
8j 3 x 10 7

ii0 2 x 107

160 I x 10 7

2[0 6.9 x 106

255 3,5 x 106

305 5,5 x 106

350 5.0 x 106

450 8.0 x 106

4.0 x 106



_, mc_ature by [ixation of hydrogen ions in the alum_no-silicate framew_'rk

,, -m 0}I groups with the resulting elimination of hydrogen ..ons as a c.on-

,;, 'i"e species. No further testing oi these membranLs is anticipated.

ZEOLITE BONDING _ND SINTERING EXPERIMENTS

The goal of this phase of the programs was to develop a ceramic
,:ess suitabi' for the fabrication of thin 2 inch diameter zeolite A membranes.

'fh_.u!=imat¢ tb_e_nP_ wa_ to be on the order of 10-15 mil_. Dry pressing and

oL_tering was considered the most appropriate proce_ for investigation.

The main problem in the sintering approach w== the relatively low

[:an_formation temperature (700°-800°C) reported for Lhe z_oli_e structure.

?he second problem concerned the effect of a sintering aid on the zeolite

structure and its exchange properties. Three materi_Is were considered as

sintering aids; they were: so_i_'_ silicate, phosphocic a_id, and sodium mete-

phosphate. Sodium sil_cate was conside=ed compatible (a raw material so_rce for

zeolite synthesis) with sodium Zeolite A. it also has an eutectic melting point

of 780°C_ with a sintering range of 700-800°C. Phosphoric acid was selected

for its cementing reaction which the _lumino-silicate materials and possible

formation of phosphate =lass bonds. SodiL_ metaphospha=e, an anhydrous phos-

phate glass with a melting point of 630°C, was selected for its glass fo_ing

properties. An additional consideration for the selection of phosphate

._terials was attributed to the speculation that Nhosphate glasses may e_hibit

Lcsistance to liquid sodium corrosion, _he anede being investigated in this

project.

1.4.1 EXPERIMENTAL PROCEDURE

The zeolite A power was first saturated with distilled water followed

by _be appropriate addition o_ sodium silicate or _,hosphoric acid. T_e material

was then granulated by hand in a glass drying dish as it was intermittently

dried in a_ oven (80°C) or over a hot plate. The bonding of the material during

granulation formed particl_s _hat were readily saparated Into a minus 80 plus

200 mesh fraction for dry presslon. Additions of an organic binder {polyvinyl

alcohol, PEA) to promote granulation resulted in poor slntered strength and

was abandoned. Following final drying at 80°C, the powder was pressed _n a I/2

inch di_,neter Meeheni_e die with heat treated drill rod punches. No lubrlcan_

or anti-sticking additions were required. Sinter_.8 times and temperatures, were

initially based on DTA (differential thermal analysis) and TGA (thermogravi=_trl¢

analysis_ of the raw zeolite and sintering composlClons. X-ray amalymi_ wa_ _he

final criteria for ver_fylng _h¢ structure of the s_n_ered zeollte. 51n_ri_

was pe[formed in a _ube fumlace operated 5etween 700°C and 800°C. The s#_l[_les
were preheated on a refracto,y slab in _he _n_rance of _he _ube _o appr_tely

300°C fcr 10 minutes and. the_ pushed into the firin S zone for • spec_fied _me.
The samples were w_thdrawn £rom _he ho_ _one and cooled _n _he entranc_ _or 5

m_nutes before removins to room temperature. The fired d_scs were tnapected for

-2_-
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scrat<h hardness and shrlnka_,_. H_,)_e -;amp!es e×bibiting good s_r_n};th _;c_e

tt_en su!_mitteP, for .X-ray all,Ira.tic,n, Optimum times, temperature, and cornposi-
t ie_Ls _etatioi_sE:ips were e.,;tablisheci ,rystallographically by this means :o
ensare the m_intt.nance vf the z_.olite A structure. Additiona! _intering exp_ri-

met,is w::_e cond,,cted on the most pror,_ising compositions tc increase their tired
densities, th_ objective Dtirtg tO reduce th_ intergranular pore volume to a

c'osed por_ c's:;uition,thus Ieavin_ the molecular pnre ol the zeolite al_ the

principal conn_Jcting por_ system. Density measurements _,er,. ma-:e by t __. volume

displacement method in water ,on saturated spu¢.imens. This tecbniqu_ allowed
_'ompariaon to publis},cd cia¢__(3) ukilizi,lg tile same groccdure.

I.4.2 RESULTS

Initial DTA data indicated that zeolite A began a transformation at

770°C. In the presence o_ phosphoric acid the first perceptible tran_fo:matlon

occurred at 850°C. TCA data showed dehydration and activation w_s co,_,p!cteat

400°C. Both analysis were run at a temperature rise of IO°C/minute.

Table XI shows the composition_ containing phosphoric acld and sodium

: silicate investigated during this period. Samples Z-2, 3, and 4 were initial "

exploratory, compositions made for sintering observations and X-ray analysis, w

Table Xll, X-ray dlffrac_ion data, c0nftrmed the DIA info_tlon in _ho_n$ tb_t

the _odium silica.re materials, Z-3, readily transformed at 810°C, while the
phosphoric acid materials, Z-b, retained their structure et 8O0°C. Table Ell

also shows the complete disintegration of the r_w zeolite, NaA, when heated to
880°C. This mat.orlal was taken from a DTA run. The t lrst column headed N_

contains the diffraction data obtained on the powder as received. Table Ell

is represen_,.tive of the data obtained; ..-:he_ntensi_ies, thoagh no_ indicated,
varied with hydration as d_scrILed £n the iiterat_re (3).

Follow_n8 the preliminary evaluations of Z-2, 3, and 4, two scrles

of compositions were prepared to determine the effects of conccn_ratlon on

streng n, crystal s_ructure,, and sinto_aDility. Z-7, 8, and 10 ._e_d_ _ood

structure: and strength in 15 rail, I12 inch diameter discs that .st,,rvived3 _._t

drop te_t. Sinterlng at 740°C for 30 minutes resulted in little det;ctable

distortion of the zeolite lactice parameters for ¢_osit..i.ons cont_ntn_, either
I0_ phosphoric acid or 21% sodium silicate;Z-8 conta£nlns 10% phosphoric acid
appeared to be sCronaer than Z-lO containing 21% sodlu_ silicate,

Slvterln_ results shown in Table Xlll £ndlcate the r#.lati_e shrlnk_$e
and set'arch reslst_mce of the coupositlons s_.nter`ed at ?00, ?40, and _80°C for

30 minutes, respectively. Z-B appears ro co_taln about the alnfmu_ I_unt of

phosphoric _cid for a_ceptabl_ sin_er_nS. Z'IO a_d Z-If _ere both w_il slntere_

at 750°C, however, Z-lO ae 740°C £s fw_o=ed due to _he on-set of _rans_orust£On
in th_ sod£,.mst.licate cc_posttion_ shove 770°C.
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SINTERING CO.IPOSITION$FOR TI'_PEA ZEOLITEB I





TABLE XIII

SINTERING RESULTS TYPE A ZEOLI!E

Sintered Diameter, Inches

_ositioi___! 7i00°C/30 _in. 740°C/30 Min. 780°C/30 Min.

:' Z-6 .458 h .446 h .430 h
7

Z-7 : .475 h .470 h .460 h

Z-8 .487 _ .485 h .480 _

o

'_ Z-9 ,, : .494 c ._B9 c ,489 c

_ _id ' 1454. _ Z- .494 N _ ._$5 _h _ w
.,'J . r, _ f"

J

o __-_ _ .496 c .489 s . . _.
7_

Z',12 :: '; _ .498 C _ '- ..494' ic .475 S _ _
_,-

_ Z-13 _ .500 c _ ,.49_ c_ .473 c

o

W - warped _ o _ _ : J

- naru

,_ _ s - soft

c - c._alky

O _ u
o 6

3" j

?

J ' _ ' _ '' o o

, o
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Table XIV shows the results of sintering experiments with the Z-7

composition to determine the relationship between mechanical pores due to
consolidation and the molecuiar pores of the zeolite structure. Linde publishes

a density of NaA o2 1.99-gm/cm3-_[3). This/was determined for a safurated
:' structure, thus the column Sat. Density in Table XIV irJdicaceg the relative

comparison. _is measurement: was made by the displacement technique in water
: following a weight determination after 4 h0ars of boiling in water. Tbc

, theoretical density column indicates littie change from about 85% with sinter-

ing temperature. The % H20 absorbed indicates a value of abeut 28%. Theoretical
saturation has been-reported to be. 22_2%. The difference is assumed to _epresent

_^ _4_,_r_n Dor_iLy beLween _raino

one exploratory experiment wi_ sodium metaphosphate glass was con-

ducted utilizing a 20% addition of NaPOj._ Z-N Table XI. The composition was
ball milled for 4 hours with distilled water and granulated with a 2% PVA

addition. In this case, as reported earlier, PVA appeared to be detrimental'

to good, sintered :Stroength. Future work should _nclude minor additionos of phos- _ ?

phoric ,acid for g{anulatfon purposes. X-rayodata indicated a slight shift at ..

_ o-h£gh angles_ but good agreement, at the low angle deflections. 'Itmay be qoncluded

,- the6 sodium met_hQSphat e is als,o a,suitable' flux fOr.binding Zeolite A. structu_e_.- ,....

I _ 3 CONCLUSION_ :_ - : _ , = _ _. ___. _'

_ - Zeolite NaA was granglated,_dry pressedi and sin'tered_with_6t destroy- _ .,;
ing ,the zeol_te_structure by, the additig}_ Of Siut,ering aids of I0.20% phosph'oric '_
acid, ankt21N sodium silicate_ Sintering temperature up to 800°C were utilizedo.

with phosphoric ac_ bonded zeolite NaA without excessive degradation'-of the _

crystal structure, Temperatures-beloW-770°C were required-t_ maSntain the zeoii_e _.

NaA s_rvc_ure with additions of sodium silicate. An 18_o__ sodium metaphosphate.
i' addition also_exhibited favorab,le sinterifig characteristic at,750°C. Zeolite

.NaA + 18% phosphoric acid_sintered at 740°C for_45 minutes resulted in 86½%
theoretical density and a water absorption of 28_7%.- (Theoretical water absorp-

tion equals 22.2%). Samples 15 mii thick and 1/_ inch in diameter sintered at
the above conditions readily sustained dr@ tests of_3 feet and _esisted steel_
scratch indentation. -. -:

• o
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SECTION 2

CATHODE STUDIES

The study of the ulectrochemica] properties of seiected cathode -=

d_polarlzers:h_s continued_ These include cdprous chloride, cupric chloride, _
bismuth tri6hloride, ferric_ chloride, 'and silver chloride. These salts were _'

JalSb tested-ip the presence of diluen_s. ' _ _r

- o E_e_trode nmterials investigated include gold, t'ungsten, graphite,

< tantalum, boron carbide_and "Glassy Carbon". '

f

, Chronopotentiometric studies of short durations (up to several ho_rs)

were performed using the experimental.cell described in the Section 2 of the

First Q_farterly Report= (NASA CR-54208) and shown in Figure 8 of the same Report.

Longer term tests were carried out using the e=cperimental arrangement

described below.

ELECTROLYTIC CELL

A_scher::atic diagram_of the cell :.is.shown in Figure 7. The cell con-
tainer was a Pyrex tube 240 m_n by 30 mm in 0:a'tSidediameter. _Within the Cell

the cathode depclarizer was compartmented <#ith a c_ramic tube 170 mm long,
10.5 m_n in outside diameter and 9 mm in inside diameter. Th_ ceramic material ?

was composed as fo_1iows: "

, ,, _ . SiO 2 54% i

, '_AI203 36% _"

"K20 0.4% _"
u

The-ceramJ,c was I_rcpared as described, bylR. J. 'Llblie (7).
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i The indicator electrode was a wire of the material tested 25 mils

in diameter pro)ecting 16.7 rmm from the closed lower end of a Pyrex tube

250 by 3.2 mm in diameter. The projected area of the electrode was I/3 cm 2,

The auxiliary electrode was a spectrographically pure graphite
rod 1/4 inch in diameter and cne fo(t long projecting from the neds of a

Pyrex sheath by about 2 cm. l_e density of the graphite waJ 1.9 g/cm 3.

The Ag - 0.13 m kgCl refere_ce electrode was described in detail

in the Section 2 of the First Quarterly Report (i).

The indicator electrode and the reference eiecLrod_ _ere _.... _.A

ir_ the ceramic tube containing the cathode depolarizer. The auxiliary elec-

trode and a thermoc_uple cf the ISA type K (chromel-alumel junction) were
i

placed in the outside compartment containing a molten hinary salt mixture.

The cell was found very satisfactory for the study of the effect

of oiluents such as sodium ions which were cotlometrically added to the

cathode depolarizer by ionic conduction through the ceramlc.

/

2.2 EXPERIMENTAL RESIU_TS ,_
_ f _ -41 _;._"-- :

TNe evaluation of cathode materials was performed 5y. _6asur_ing t;_e- In=
open circuit potential and th, "polarized potentials at currem_-_ensities of

0,015 ,amp/cm2 _nd 0.150 amp/cm2 of cathode area as a functio" of time.
.'_

, " _"_e potentials were measured using a Ag-0.13 m A, £n LiCl.,_-Xu;/'l
reference electrode. All potentials, though, are r_ported ,th reopect to

a Ag-I m AgCI in LiCI-KCI electrode. Various diluent were t _d _dring *he

: reporting period. Initially calcium was the p_-oposed anode m;.'C_:Ti_"_

therefore the diluent was CaC! 2 The first liquid anode to be propesee
_ was lithium and LiCI was then used as a diligent. When-the use of .litn_,m_

,,,' was eliminated because of its reactivity, Na anodes with NaCI as the
diluent we#e c0nsidered (See Section 3).

2,2.1 COPPER (I)

When testing molten CuCI, potential shifts caused by the reduction

L , of cupric ion initially present in the melt and generated at the anode of

L the test cell were repeatedly observed. A glass wool plug about 1/2 inch

in length was inserted between the lower end of the graphite anode and the ,

openings of thePyrex rheath. This reduced markedly the diffusion of

cupric ions from the anode and gave relatively more sLable potentials under
current d_ains.

Molten CuCl gave an Inltlal open circuit po_entlal of + l. J0

volts o_ ggld eiectrodes'and + 1.15 volts on tungsten electrodes at 50°C.
_At a Cur_en_ draln of 0.150 amp/cm 2 of cathode area, the poten_lal_ _re

�0._ volt at_ + 0.41 volt on go_d and cvagsten, respectlvely.

-32-
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A mixture composeJ of equimolar concentration of CuCI and LiCI

gave the following results.

Temperature 450°C 500°C

Initial Open Circuit
Potential +0.37V +0.37V

Potential at 0.015

amp/cm 2 -O.19V

Potential at 0.[50

amp/cm 2 -O.15V -6.21';

Molten CuCI was further tested using the experimental cell _howr,

in Figure 7 and described in the Section 2.1 of this report. In the

initial experiments, a LiCI-KCI eutectic mixture was used in the anode

compartment of the cell.. _e objective of this test was to transfer coulo-

mp_ricail¥ lith_am ions _hrough the ceramic to the cathode compartment and

evaluate the eff=ct of this diluent on the depolarizing properties of the

cathode material. The cathode of the Graphite/LiCI-XCl/Ceramic/CuC!/W

system gave an initial open circuit potential of + 1..14volt at 450°C. The

M ceramic separator cracked within I0 minutes of the start of the test.
Dilution of the cathode depolarizer with the LiCI-KCI eutectic mixtu, e

ensued prematurely. To ascertain that the failure of the ceramic tube

was caused by ionic stress rather than thermal shock, an identical experi-

mental setup was heated g_{ly to 450°C and allowed to remain an open

circuit for about 1/2 hour before applying any current. A break of the

ceramic occurred after passing a rurrent of 5 ma for 8 minutes followed by

a current drain of 50 ma for xbout 5 minutes was pas_ed through the cell.

Apparently the ceramic was not able to exchange sodium ions with lithium

and/or potassium "ons at the rates determined by the current used in the

experiment.

No apparent physical stzess or weokening of the ceramic was

obser_,ed at the conclusion, of a 72 hour test with the same experimental

arrangement using molten AiCI3-NaCI as anolyte. The cell was runat @50 °
in alternate periods of 54 minutes at low current drain (0.015 am_/cm _ of

cathode area) and six minutes at high current drain (0,150 amp/emZ). The

results of the test is shown in Figure 8. It must be noted that the graph

shows plottings of a single run and _epresents sequent potentials at high
and low current drains,

Assuming Faraday's Law was obeyed and a coulo_etric _ransfer

of sodium ions into the cathode compartment of the cell occurred, one-

third of the initial amount of CuCI was left in the cathode compartment and

the equivalent ratio betweel_ the remaining CuCl and NaCI was I to 2 at the
conclusion of the 72 hour test.

I
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_, A Na/Ceramic/CuCl cell was assembled as shown in Figur_ 9 in order to

evaluate the compatibility of the ceramic having the composition =hown above

with liquid sodium and CuCI melt and to obtain other pertinent informations on

"" the behavior of the galvanic couple at 450-500°C. About 1 g of sodium and 3 g

of CuCI were used, The open circuit of the cell, initially at 3.675 volts,

stabilized at 3.640 volts. The anode potential waq .,2.530 volts and the cathode

potential was + I.II0 volts with respect to Ag Im AgCI reference e!ectrc_e at

450°C. The internal resistance of the cell as measured with an a,c. conductivity

_" brid_e was 197 ohms at 450°C and 125 ohms at _80°C. _he prrformance of this cell

was determined by loading with a variable resistor and the resulting cell volcage

was ,.n_a_urcd. The tel! voltage st_b_1_7_d at a fixed value within two minutes

" after the load resistor was changed. The characteristics of the cell are given
in fable X_.

The cell was allowed to remain on open circuit for about thre_ hours
before it was dismantled for examination. No evidence of ceramic deterioration

or stress was observed en the surface exposed to the cathode depolarizer. The%

internal side of the ceramic tube in contact with liquid _dium was observed to

- ha_e been blackened. In spite of this apparent chemical attack and some diffusion

of the sodium into the ceramic, the open circuit voltage and the internal resist-

ante of the cell remained practically unchanged.

i 2.2.2 COPPER (II)

Gold, tungsten and graphite were used as electrode materials in CuC, 2
: at 525°C. the gold electrodes dissolved completely within ten minutes following

their immersion in the molten salt. 'Fhe tungsten electrodes were found satis-

factory for tests lasting up to several hours although substantial dissolution

of t_'emetal occurred. A spectroscopic graphite rod having a density of 1.90

[ .-/cm3 was found Lo have expanded and softened as a result of about one hour
immersion xn CuCI melt.

2

i Gold electrodes were also used in solutlon_ composed of CuCI 2 and
LICI-KCI eutectlc mixture. The dissolution of gold was not signlflcantly reduced

in these solutions in spite of the reduction in electrochemical activity w, lch is
shown in Table XVI.

ScAae effort was expended to find a suitable cathode material for use

in CuCI 2 melt. The selected electrode matcrials include tantalum, tungsten,
pyrolytic graphite, boron carbide and '_las_,y Carbon". The relults were as

J follows:

| I. A tantalum wire 50 mils in dLsmeter completely dissolved
! wltbin 15 hours in the molt at $25°C,

2. A tung;ten Wire 25 mi_s in dlmwter _rttally dlssolved
under the same condltAons,

-3S-
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_ TABI,F. XV

PERFOP_tANCE CHARACTERIS_']S OF NA/CER_MIC CuCI C_.LL

Load Resistance CelI V=ltage Calcv, lated Current - '

(ohm) ..... .. volcCy.9..).&L- ..... (m) •

900 2,94 3.3 - °_:

600 2.68 4. $ ......

_00 2.37 5.9 =
z_ '"

200 1.76,5 8.8 "

100 1. I72 11.7 " ",:

SO O, 70.$ 14, I

20 0.3!5 15.8 • :

1_ O.lbO 16.0 °

,3

"2

: c

o o

-37- _ °_: • 'r:(• o -

• ,, - " c _ - ,
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3. A sample of pyrolytic graphite held in molten CuCI 2 at
540°C for 15 hours expended in the direction perpendicular

to the plane of depositiorf,-

-" 4. A rod section of "Glassy Carbon" ifrom the Tokai Electrode

-- Mfg. Co. in Tokyoj Japan) dl-ssolved to about 2/3 of its

initial size in CuCI2 melt at 540 ° for 72_ hours. _ The remain-
ing part of the rod section retained the glossy appearance

and strength observed before treatment.

5_, Boron Carbide (supplied by the Nortton Company) was found _

" unattacked following inm_ersion i_ the melt at 540°C for 72,
, • hours o

The specific resistivities of boron carbide and "Glas§y Carbon", _-

, determined-in-the temperature range between 25° and 525°C_by means of a four -_

[:_ point probe, are _given in Tah!ej XVI!- The sample of bbron carbide used_ in the ;
;, ) experiment-was a_1/4 _ndh_r_gd _h_vi_n_ the following ,:6mposition._

" B i ...... " 76.5% m>._. ' _ "

____. _20:22% min.__ " _; _ _ " "__
0-

.)/o_°'-m_-t,ax. : -_"' _ :' " " .....,, o , Fe _-- -" " 0 : ,- " ° °° =o- -o_. _ .... .',-

:' 7

Ca---r---- 0._% max. o .-

o Mg 0 0_5_max. '

' -' Be6ause of the. diffiCuLties' assoc_ia_e_ with finding st_itab_ m_te_r_ -..'

,, to ,centain the hig-l_ly oxid£zing CuC12 -no :iu_tt_er tests were run using th_.__ _ ,_ _
.......-4epplari_ef ....._..... "t _. " _ : _.,. - _ -i 'o _ --+

'_ , ,._' . _ _ - ..-" _ ,- _, ' _ _-_" C'

.- , • o_ , -,,. ,,_,_o_,. .." _ . _ .

";" '-',_ -.... ' " ;,,._ ' ,_ " " " ;- - ._'. o o. '_ . " _ " -' ""' ,. ' ..... ' ' ' ' , I--, ./,_"

1965006281-047



TABLE XVII

SPECIFIC RESISTIVITY OF BORON CARBIDE AND "GLASSY CARBON"

BoF_u_"Carbide,,.... "Glass>'_, Carbon," ,_

Temper_._ture Specific Resistivify- Temperature Specific Resistivity "
' °C. - ohm-cm °C ,_hm_cm

:_ 25 0 398 27 4.9,00 x 10-3' "_

IO0 O.204 ° 1i4 _"_ _. 754 _10-3 _o

° "• 150, , . _ ." • -3o -o _0 i43 202. 4 6'/6 x ]_0

" ' - _ ° "' " " t'0-3 .Li i97 _O.i05 , .... 292 4.58! x

•;: -o'B.O0_ , : "..... - ' "° •.., ,_ o . ,- '0.06,1 _ -_ , -.:' :396. o, •, " . x , " '° -_

400 _. £ ' 0.,040 :t_ -_524. .4.-186x I+ , _ : ; .

'o 52"_ ' -0.022 .-.. ,, .... -_ '- " "
_ _d - o - ' _ '_

•, ,,

C

o

v

'" _

. "$

" 40:
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_. 2 ".3 BISMUTH (TII)

°O

>'_ Pure molten BiCi 3 and a mixture of BiCI3, CaCi 2 and Bt were tested
.;;; using the cell arrangement shown in Figure 8 in the F'irst Quarterly Report(k).

The results can 5e summarized as follows:

Depolarizing Temperature Electrode Open Circuit Polarizatien at 0.150
- Solut ion ....(°C) _ Material Potent ia____l O.0___15amp. cm2 amp/ca 2

_, BiCi 3 425 ...... _....
_otan I o a0 V O.03 _T 0. i V

BiCl 3 2 equiv. !:_ i- Tungste_ + 0.40 V 0.O1 V 0.i .V

m - _ "• ". BiCI 2 I equiv.. 425_

• jBi 1 equiv. , - G01d + 0./_ V 0.015 V _- 0.1 V_

:" _ The "potential time curves for these systems .are'shown in_.Figure_-iO.

The deteriotiation of the.gold eiect¥ode ,inithe _ternary mixture became._ '->

evident within i5 minutes after th_ start ofthe test as t;he,potential _became

erratic and a rapid increase in polarization occurred. The failure of the _elec-
- trode was attributed to the forrmation;of, a molten Bi-Au alloy. NO ,evidence of : ,

chem_oal at,tack Wag pbserved• o_ the ,tungsten e!ect_ode a't £He conclusion of the
• - -J o • _ , ' _ ", - -$

Two experiments Were performed with Graphi-te/CeramiclAiClq'NaCl/Ce_-_mie/
BiC! 3-celis using the experimental arrangement sh0wn .'nfigure 7. _e cells Were .,

-operated at a_ temperature'of 380°C. Based on a--2-ele6tron _eduction t:o _ BiC1 and

' cyclin$ current,densities of 0.150 amp/cm'" o_,eathode area tor 6 mlnutes and 0.015
amp/cm _ for 54 minutes every hour for 72 hours, an amoun_ of BiCI 3 50% in excecs _

: of the thc.oretieal amount was 'used. The first tes't was concluded after 72 hours'

,_Q while the .second test was allowed to continue until s_b.otantial ]polarization and

instability in the system was noted. This occurred aftei llShours. Figures 1i
and 12 .show the results of these tests. The relatively high potential, _differ-

ences between low and high cu_rrent drains sho_,-.in Figure 11 were caused by a
.. large IR drop betwe-_n the indicator electrode and the refe;ence electrode which

"<_ has been inadvertendiy placed tvo far t_rQm the cathode. , It appears froi.: the
performance of 'the second cell tt_at directIy or indirectiyi a 3-electron reduc-

-- tion of Bi4-P+ to Bi° has occurred.. This was substantiated hy the presence of

_I bismuth metal in the ca_hode_ compartment of the cell,at 'the.qonch_sion of the _
exper iment, o-

-_ Again the ceramic separators were found to be' intact after these tests.

i

1
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2.2.4 IRON ([II)

Gold electrodes w'__reused in solutions composed of i mole of FeCI 3 in4,5 moles of [,iCI-KCI eutectic mixture _mean molecular weight = 55.59), and

i/3 mole FeCI 3 plus 1/2 mole CaCI,. in 3 moles of the eutectic mixture at 450°C,
Open circ_it potentials and polarzzaLions at 0,015 and O, _50 amp/cm 2 ol cathode

area we_e, ruspecti"__ly, + 0.70 vult, 0,03 volt and 0. I volt in the first SOIL,-

Lion and + 0.65 volt, 0.05 volt and 1.3 volts in the solution containing CaCI2;
respectively.

open circuit potential @f _- 0.73 volt at 450°C on a tungsten electrode. Polari-
zati,ms at 0.015 amp/cm" and 0.150 amp/cm 2 ol cathode area were lO to 13 my and

about 1.2 volts, respectively. Experimental curves for these systems are given

; in Figure 13. Compositions are given in mole percent. Yhe potential scale

given in this figure is with respect to a Ag-O.13 m AgCI electrode which was used

as a relerence electrode. To convert these potentials to the Ag-].m AgCI seal,,,

: 0.127 volt must be sub_racteo from those given in the figure. The large polariza-
tion observed at the highLr current drain was attributed to the local depletion of

ferric ions in the vicinity of the indicator electrode resulting in transition

from the Fe(III)-Fe(II) system tO the Fe(Ii)-Fe(O) system.
:

' 2.2.5 qILVER (I)

The open circuit potential of a gold electrod_ in a solution composed

of 85 mole per:ent of AgCI and 15 mole percent of CaCI 2 at 500 ° was +0,_I volt,
: The polarization was less than 30 mv ,_ 0.150 amp/cm2_of cathode are;t. 2ctentlal-

time curve for this system is shown in Figure 14.

2.3 CERAMIC ION rEXCIIANGE

° I_ an effort to coulometrically add Li+ to the cathode depolarlzers

! withou_ cracking the ceramic separator, efforts wer_ made to exchange the Na+

of the ceramic with Li+. Exchange of sodium it,is for lithium i_ns in ceramic

tubes having the c.mposition giw:n in Section 2.1 of this report was performed

by immerslug the tubes in molten likhium nitrate at 285°C for 8 days. The
tubes were 170 mm long and 10.5 mm in outside diameter, l_e melt w_$ replenished

every other day with a fresh batch. Following tbi._ treatment _he tubes werr.
rinsed with water _nd dried in vacut_n at 300°C. Two of these tub_s were

again.li[IEd with !Ithit_ nitrate melt and partially immersed In more of .he

melt at 300°C. B_ means of graphite electrodes inserted In the tubes, c_rrent

drain_ of 50 m_ and i00 ma were passed tb_ough the ceramic for one hour in

alternate periods of &bo,t IC mlnutcs._ Nc vlsible evidence of stress #as
observed on th_ ceramic. The tubes '#ere _gain rinsed a_ dried then _Iven the

-45-
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same galvaniC, truatment t; g L.,Ci-:-_C_ c;¢ectic mixtu, c, in place ¢,f LiN03, at
450°C, The ceramic tubes .,l,ow,_,dmark_,.'!crazing throuFhout the area [hot wa_

in'rnersed in the c,lte_tic ml/.tur-. "Ibis was probaoly _auscd by stresses trom

uneven exchange wi[tl tiLbicw, i_ns ond w_tas_ium _ons i.n the ceramic.

- __ _ {
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&
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SECTION 3

ANODE STL_DIES ._

g

Calcium metal was first proposed as the anode for this cell. This

selection was pred:Lcated by the !c_ equivalent ,te£ght and highly reducing
nature of calcXu_. Howeve'c further consideration of this anode asterial lead

t_ the conclusion that pr_.,b!ems assoc_atedLwLth _incalning elect:icai contact
between the solld zeolit,_ electrolyte 8cd solid -.alc£m w_s difILcult _o _er-
com. ._hls probl,._m is intensified in this appl_catio_ _re a conslderable
amount of the a_de ma_erial is con_ume¢, during ceii dirharg_-. C,o__iy-
solid calcium _anc.dea we_e dropped _ro_ ,on_id_ratlon, _nd a_tention [oeused
upon anode ma_;er_.als _,h_ch would be liquid at _he 'eel' operati_ ter_,e_acurc.

Lithi_, by reason o_ its low equivalent wei_t_ wa_ the _.Irst
. liquid ano_e to be conaidered. However _.he corrosive r_u_'-_.t_ mo]r.en lithtun

as _hown i_ c_pa_ib_li_y tests (Section_.3) eliminated _he-m'e o£ lithium
in the present appllc_t£on.

S_dlum was ne_t cov_Idered as the anode materl81o One o_ _he
determining factor_ Ln th_s selection is th_ wealth of-infor_.Ion n the
_c_no:oay avd i,r_per_les of llqu_d sod!we (8). Experin_n_al results of a

_a/Cer_lc/Cu£ 1

_re give_ in _e_._ion 2,2,1 ,nd result_ of compatibility _es_s with moiteu
_,od_.um a:' _tven i_ Section 4.3
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SECTION 4

CELL CONSTRUCTION

In anticipation_of assembly and testing of complete cali_s _nd batteries,

a preliminary cell design was formu_lated in an attempt to determlne areas in which

_ speci_l problems might arise.

4. i CELL VOLUME CHANGES

One of the firs_ points which must be taken i_o account in the design of

a cell for_this application_is the change in v;lu,._ewhich will occur during discharge.

U_ing a zeolite as a solid electrolyte p_rmitting only cation transfer between the

anode and Cathode compartment results in a decrease in volume in the anode compart-

_ment a_d an increase in volume in the cathode compartment. In the anode compartment
_the active metal anode is oxidized to form ions. The transfer of these ions as the

charge carriers through the zeolite re-suits in a net volume decrease in the anode

compartment. In the catho.de _.om_,artment there is a volume change due to the reduc-

-tion of the cathode material from on_ oxidation state to a lower one and the intr0--
duction-of cations from the anode compartment thr0_gh the zeolite. _.

As an example of the volume change_ to be encountered consider a cell com-

posed of s_sodium anode and a C_CI cathode. The i_clividuai_half reactions expected

are:

Anode _ Na _ Na+ + le

_Cathode CuCl + le _--_, Cu + C1

with one Na+ passing from the anode compartment throdgh the zeolite membrane to the

cathode compartment for e_ch electi:on transferred.

For a total capacit_ of 14 ampere-hour, the amohnt of metallic _so_dium
oxidized, sodium ion t_-ansferred, and CuCl reduced are each 0.523 faradays. _The

loss of 0.523 faradays [12.0 grams) of metallic sodium is equivalent tO a volume de-

_¢re_ase at 450°C of

-50-
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rT - 3

12.0 _rams 14.25 cm
-- 0.Sq.:'°gram s/cm3, -

Fhe-d,_n_Jty of _:_,,>]Len sodi_,,m_v,,sc-a]cu[ated frGm d_qta given in reference g. The

situatitn in the cothode _.ompartment is more complex since there is a trar_-sformation
'--f0.523 equiv:_[eF_ts of C,xCi to Cu ant_ the introduction _f 0.523 equivalents of

NsCi. Asgun,e t,_at CuCl and NaCI from ideal _;olution; i£e., their individua] vol.ume

tb,_high tcmperd.ture moizen 'volumes of NaC]. Then the-decrease in vo].ume of CuCl is,

3 :
_98_.99grams cm _ = 12_.16 cm3

° 0 523 equiy, x ,equiv. x 3.655 grams ;
T

Tilevolume increase ,due to foz_nation of C,t_is : ,e

[ : , c ;

_' •0 _ 633'54' grams cm _ ; _ 2 o -
-" _:0 523"eq,liv. _ x =- 3..81 cm "

: _' _ _- _, _ _. equiv._ _ 8.7_ _.-_lams - , _
; ." 4 2

' c

and _h_,,formation of NaCl_ is_ ,, :

' "- -59.:44grams _ : c'm_ __ 3 _

, 0.523 equiv.' x equiv. -_ -x 1.._746 gralas -- 17_]. cm_5 , -
2

/

. J

Th-e densities of euCl .and Nacl at 4,50°C were obtained ::r,)m reference 9.2 The den,sity
of Cu at 450 ° was calculated from its known density a, O')C and its coefficient of

thermai' expansidn-. _ Thus the totax vdlu_e dhange in t:w cat-hods_ compartment is

: 3
-14.16 + 3, B1 + IT.81 = 7.L_ cm

_ Similar calculations show-th_at using a potas:_ium anode _ the vol.ume of the_

anoae s_:t}pn woul¢ decrease 27.8 cm3 wh41e the cathode, s,_2ction w£uld inc,rease_
1_:4 cm". - The results'for these tug s_,stems are surama_:tzext in Tobte XVI?£I.. "

_ ' _TAgLE XVIII -" ' - "

_ -_' VOLUME _"HANGES IN .14 AMPERE-HOUR CELL,- " _ _

. VolumeChan_e, cn_3_' •.,_, ; _ '
(

" Na/Zeolite/CuCl "-14.25 +7.46 -6.79 ' . ,_
u

°K/Zeoli'te/_uCl -27 8 o +i2.4' -15.4 _

' ",_c

m d I , _I_ I I i _ I m | I m I mi_ m Ill ' i i nni i i I _ mm
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4.2 CELL DE_;I.(;N

Tc _ccc.ramodate these volume changes, a pre!zminarv cell desig=_ utilizing

movable bellows as containers for the anode and cathode sectior.-s _as forraulatedo

'i_is pre.iLnLin._ry design is showal in Figure 15. The bellows would be fabricated
from Armco iron, nickel or stain]_,_", __s steel. Tt wou]d oppear from prelimioary infor-

mation that moLycdeJ_.um-rnangat_ese ceramic to metal seals utilizing iron or nickel
br_.zing alioys would h_ve In: _ best chan_ze of sur,Tiving in contact with _he liq::id
metal anode. Glass sealants, {_.g., pyroceramic Lypes or sodit:m phosphate glass,

anode.

4.3 C0_[PATIBILI_f TESTS :
c

Compatibility tests were run for various materials proposed for use in _ _"
cell construclion _ In these tests the materials'were vacuum sealed in Pyrex am-

poule_. The _ests wer.e run by holding the materials in contact.with each other at
450°C for a_m£nin_um of72 hour_. In most case'_ visual examination was u._ed to : r

de termine change s.. , ' _ _ ". _
• ". _ 5

Molten lithium'_as _ound to_'severel'Y._ttack recrystallized al.umln_ by '_'_

destr.oyin_g its structural integrity. In addit'ion, some=etching of the glassl con- _, '

tai_er by .lithium oistilled from the original sample was noted.' Li_hium'i_ said to
"I ° _ ° u ° ,

.be one of themost corros'ive 0f t_c liquiJ ,netals._ Because of the _tf_cultles

associated w_th handling, liquid FSt-hium and the time involved in.de',reloping the _re--

quired technology,, no fu-rther _ork was done of_ systems utilizing lithium anodes.

In addition, the lithium ion, becadse of'its srma!ler 'si_e,is held wich greater

coulombi.c attraction to the _sites of negative charge present _n the zeolite lattice.

This greater attraction is _Dpar-ent in the higher resistivity and actigation energy
for conduc£ion found with itthiu_ zeolites -(see Section 1.3.1).

Samp:le_ of- the sodium zeolites,.Types A, X,and Y, and Armco iron, nickel,

and recrystaLlized alumina were2exposed to molten sodium for 72 hours at _.Su5c. The

ieolit_s a_peared _ to be_ penetrated/by t_hemolte_, sodium." This was evidenced by a

yellow c_olo_-ati6nextending a few 'millimeters into the zeolite pel.lets. After ex- _ ;,

posure toomolten sodium, zeolite pellets reacted with waSer to liberate hydrogen.

Th.,=.mechanism of this penetration is not known but it is possibly through pores or _:
c'hain_Is'of the zeolite crysta!lite. It is these _channels -which give. synthetic

_ze_.,lites-[heirmolecular sieve properties. If penetration z/" bY way of. these pores,

it m.ay.be elimihated _r minimized by blocking the pores with a solid or liquid - :
mat_.rihl. _ " ._ ! :

_ NO apparent reaction wa_ n°ted _between molten sodium- and Armco .iron,

nickel,_ o'r recrystalliz'ed _alumina. It would-appear_thato these materials are suitable ,,

for l_se _n the proposed cell. _

Sodium zeoii_es, Typ_s A, X, and Y were checked for compatibility-:with , ""

njc]_te_.Cugl, molten Bi_CI3, and LiCI-KCI eutectic, 'In addition, Armco iron, nickel, -' _
and A_203 were checked in the sarae molten, salts. No_a_parent'reactiog was noted

betwee_ the zeolit.es_and the molteh _salts.. Some penetra=ion of the molten L_CI-KCI _
,

-52.... _'
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in the zeolite appeared to occur. This concl.usion is based _Don an apparent de-

crease in vol,me of-the. _oiten salt. Ip the tests ir'volvipg CuCI, a black residue ,_

was _mted at the end of the test perb%. However, t_ere are reports that CuCI does

.'urndark i,_ the p_esence of light. This could be due to a photo-decomposition of

CuCI to for.'nfinely divided copper,

CuC1 --._ Cu + I/2 CI_
L

simi_lar to the _hoto-decomposition of AgCI.

Mo!ten LiCI-KCI did not react with Armco __ron,nickel, or Al203. Molten
CuCI did not react with Ni er A1203.. it did react with Armco iron to form an ad-

herent coating .of {netallic copper. The reaction was probably

2Cu_ + Fe _ 2Cu + Fe+
- ':c

Molten BiCI_ did .not r,_.actwith A1203 , but it did react with Ni an_ Fe ' Unlike the _'

resuits_wit_ CuCI_ no adherent depo.sit o_ Be was obtained° Bl, formed by the : _ _.
reaction, -

2Bi+++ + -3Ni_ 2Bi + 3Ni_+ _ "

i,3ver_ soluble in molten BiCl3. The phase diagram for the BiCI3_Bi system shows

_:_at at the:;e temperatures the solubiiity of Bi in BiCI 3 is about 30 mcie per cent.

Thus, the BI plated on tl_eNi orFe immediately dissolves in BiCI 3 and thus leaves a
sJrfface of Ni or Fe for c•u_ther reaction. Cu, on the other har_d, has a very, very_

low. solubility in molten CuCI, so a_ protective layer is formed "-

! i r iN i • Mr m ,_ _ a | ala_a _, m _ i a
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SECTION 5

PU IU_ VJ_,

+

Efforts" :-:illhe concentrated on developing a satisfacto_, membrane with a

decreased porosxtv au_ to develop techniques to fabricate and test colc@lete cells.

In the area of mrmbranes, methods of filling tne zeolite pores with 2+ sui61_ole

naterial, e.g. , LiCI+-KCi eutectic, will be investigated while couiometrically pas-

sing sodium i-or_;:through the membranes. Memh_ hgnding techniques will be modi-

fied to pin,lit fabrication of large diameter thir membranes_ The goal is a membrane
2 inches i'ndiametar and ]0 tc L5 m_]s thick.

investigations of compatibility+of proposed components will continue. Cell

bonding and fabrication techniques will be studied arid directed towards the produ_-
S ,._,,. ,_,q D. C ........... --.tion _f complete cells ,,+,- '1 _,,_"...... '-_o*+_+ng A su_r_bi_ chamber_ and -l_c_roni¢

equipment for cell and batte_j test-ing in a simulated Venus atmosphere wil_i be
assembled -

_ .

.-
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